Compaction technique used in Marshall design does not model the process of actual rolling procedures on site exactly. Carrying out laboratory compaction of dense bituminous mixtures with Superpave gyratory compactors is a more realistic way of simulating actual compaction. In this study, mechanical differences of reference and polypropylene modified asphalt mixtures were compared using Superpave gyratory and Marshall compaction methods by carrying out repeated creep tests utilising universal testing machine. In addition, there is no standard Superpave design procedure for 100 mm diameter samples till date. The other purpose of this study is to propose new standards for the compaction and testing procedures of these 100 mm specimens. Indeed, extensive studies have shown that the design gyration number should be 40 for reference and 33 for polypropylene modified specimens under medium traffic conditions for the similar and specific type of aggregate sources, bitumen, aggregate gradation, mix proportioning, modification technique and laboratory conditions. Moreover, it was shown that, the asphalt samples produced by Superpave gyratory compactor were much resistant to destructive rutting effects than the asphalt specimens prepared by Marshall design.
Introduction
The creep test, for many years, has been used to estimate the rutting potential of dense bituminous mixtures. This test is conducted by applying a static or a repeated load to an asphalt specimen and measuring the resulting permanent deformation. Extensive studies using the unconfined creep test (also known as simple creep test or uniaxial creep test) as a basis of predicting permanent deformation in dense bituminous mixtures has been conducted up to date [1] [2] [3] [4] [5] [6] [7] . The loss of pavement serviceability is a common result from rutting. A typical serviceability loss occurs when the formation of ruts forces the pavement to crack, which can lead to rapid deterioration of the pavement due to the accumulation of water on the pavement surface. Under normal service conditions, deformations within the bituminous materials occur more frequently during late spring, summer and early fall because of elevated temperature conditions.
Rutting can significantly reduce both structural and functional performance of a pavement. Sometimes the rutting magnitude may not be alarming for structural performance, but it is important from the safety point of view 8 .
To solve this rutting problem in flexible pavements (and other problems such as fatigue and low temperature cracking), scientists have developed some techniques and methodologies called "asphalt (bitumen) modification". The most popular bitumen modification technique is polymer modification. To this end, novel binders with improved rheological characteristics are continuously being developed [9] [10] [11] [12] [13] . Understanding the effects of repeated creep which leads to the prediction of rutting potential of dense bituminous mixtures is very important for the design of asphalt pavements. During a hot summer day, a heavy vehicle with full load, travelling on a climbing lane imposes a considerable distress on the pavement structure. The repetition of heavier axle loads becomes more pronounced with the increased amount of traffic. The loads from the repeated traffic can create pronounced amounts of permanent deformation or rutting. Even on straight road sections, because of the slow speed and heavy loads of the trucks and trailers, similar problems can be encountered. The pavement around traffic lights and bus stops are also known to have similar problems. Therefore, visible defects related to rutting are frequently found on these types of road sections.
It can be found in the previous pioneering studies that the creep test must be performed at relatively low stress levels (cannot usually exceed 206.9 kPa (30 psi)) and low temperature (cannot usually exceed 40 °C (104 °F)), otherwise the sample fails prematurely 3, 14, 15 . The test conditions consist of a static axial stress, σ, of 100 kPa being applied to a specimen for a period of 1 hour at a temperature of 40 °C. These test conditions were standardized following a seminar in Zurich 16 . This test is inexpensive and easy to conduct but the ability of the test to predict performance is extremely questionable 17 . In place asphalt mixtures are sometimes prone to truck tire pressures of more than 828 kPa (120 psi) and temperatures higher than 60 °C (140 °F) 18 . Therefore, the conditions of static (and of course repeated) creep testing do not closely simulate in-place conditions and specifically speaking, there is not any "rule of the thumb" for the testing standards for repeated creep testing via universal testing machines that is being accepted by all of the research counterparts all around the world.
There are various important but "limited" number of studies in the literature that have been published up to date about the utilisation of 100 mm diameter specimens cored from 150 mm diameter gyratory compacted specimens for the preparation of laboratory specimens [19] [20] [21] [22] [23] [24] [25] [26] . In all through these studies, the effect of compaction method, that is whether gyratory or Marshall compaction method have been utilised, and the resulting mechanical performance of mixes have been investigated. In this study, a further step of analyses has been carried out and the 100 mm diameter plus approximately 60 mm long specimens have been mechanically tested in order to compare their mechanical test results under repeated creep testing with the previously tested Marshall specimens under the same test temperature and loading conditions for repeatability necessities. This is one of the major differences in this study of the previous literature. Another very important difference of this study is the utilisation of 3 mm multifilament polypropylene fibers for the wet basis modification of bituminous samples which are prepared by gyratory compactors. Up to date, no other researcher has utilised this kind of special modifier in the preparation of gyratory compacted asphalt specimens. Furthermore, the optimal gyration numbers of reference and polypropylene modified specimens have been determined respectively. Finally, in order to be able to monitor the tertiary creep region of asphalt specimens under creep testing, a completely different loading pattern, loading stress level and testing temperature than the previous studies have been adopted. This is the most important distinction from the published literature till date 27 . The first part of this study reviews the available literature on dense bituminous mixtures by the utilization of polypropylene fibers. Afterwards, short information on creep (basically repeated) testing of dense bituminous mixtures is presented spanning in the last two decades about the actual loading simulation efforts being undertaken in the laboratory environment. Then, the utilisation of Superpave gyratory compactors in the preparation of especially 100 mm diameter asphalt specimens in the laboratory is being explored. Next, experimental program presenting the results of the repeated creep tests has been explored in a detailed manner (for the asphalt specimens that have been prepared by Superpave gyratory compaction). Then the very positive effect of gyratory compaction on the prevention of strain accumulation in the specimen bodies when compared with dynamic Marshall compaction is explored in a detailed manner.
Polypropylene Fiber Modification of Asphalt Mixtures
Many valuable studies have been published about fiber modification of dense bituminous mixtures which can be found in a detailed manner in the relevant literature until 2008 [27] . Tapkın has found that the addition of polypropylene fibers into the asphalt concrete on a dry basis alters the behaviour of the mixture in such a way that, Marshall stability values increase, flow values decrease and the fatigue life of the asphalt specimens increases significantly 28 . Tapkın et al. have also worked with the addition of polypropylene fibers to the asphalt concrete on a wet basis, and have shown that the most favourable and suitable polypropylene type was multifilament, 3 mm long (M-03 type) which increased the Marshall stability values by 20% as well as the stiffness of the asphalt concrete 27, [29] [30] [31] . Repeated load creep tests under different loading patterns have also shown that the time to failure of fiber modified asphalt specimens under repeated creep loading at different loading patterns increased by 5-12 times versus reference specimens, which is a very significant improvement 32 . In another accompanying study, it was found that polypropylene modification of bituminous binders developed the physical and mechanical properties of the mixture and substantially improved its resistance to permanent deformation. Polypropylene modification also results in a saving of 30% in the amount of bitumen, resulting in considerable cost economy. Altogether the extra cost of using polypropylene fibers as a modifier is only 9.3% (for research purposes only, with no addition of technology and know-how, of course) but this cost is becoming much less, by diminishing the dependency on expensive imported modifiers and know-how 18 . This is a very important consideration for developing countries like Turkey 18, [27] [28] [29] [30] [31] [32] . There are also a number of other studies in the literature on different applications of polypropylene fiber modification of asphalt concrete in the last decade [33] [34] [35] [36] [37] [38] [39] [40] .
Creep Testing and the Relevant Literature Spanning the Last Two Decades
Matthews and Monismith have performed unconfined creep tests at temperatures 25 °C, 38 °C and 49 °C which is a main departure from the published literature up to date in the testing temperature manner 41 . In another study by Mallick et al., in order to simulate the average pavement temperature throughout the United States, 60 °C of testing temperature was utilised. Also truck pressures were simulated by maintaining a 826.8 kPa (120 psi) normal stress and 137.8 kPa (20 psi) confining stress had been utilised for dynamic confined creep test. Moreover, a 1378 kPa (200 psi) deviator stress along with a confining stress of 275.6 kPa (40 psi) were used to simulate aircraft traffic 42 . Ramsamooj and Ramadan had carried out creep tests at four stress levels under constant stresses of 150, 400, 650 and 900 kPa 43 . Zhang et al. had utilised a material test system to conduct repeated creep tests. A deviator stress along with a confining stress was applied on a hot mix asphalt sample for 1 hour (3600 load cycles), with 0.1 second load duration and 0.9 second rest period intervals 44 . 45 . This is again a significant departure from the routine testing protocol of 40 °C temperature 16 . A static constant load had been applied until "tertiary flow" occurred. The test had been stopped at the initiation of the tertiary creep zone in order to avoid damaging the linear variable differential transformer (LVDT); thus the experimental tertiary creep pattern could not have been recorded naturally 45 . Chen et al. had investigated the mechanical responses and modelling of rutting in flexible pavements. They had tested their asphalt specimens at two different temperatures of 40 °C and 60 °C, and stresses of 240 kPa during 60 minutes of static creep loading which was used to explain the mechanical behaviour of bituminous mixtures 46 . Goh & You has revised the repeated creep testing ambient temperature in a different manner than only utilising 40 °C [47] . Vardanega et al. have used a very similar ambient temperature and loading pattern to Tapkın et al. 27, 29 in the studies that they have carried out (namely 50 °C and 0.5 (also 1.5) second loading and 1.5 (also 0.4) second unloading) depending on the argument which is also verified by the experience of QDMR (Queensland Department of Main Roads) 48 . Chen et al. investigated the utilization of recycled brick powder as alternative filler in asphalt mixture. They had carried out static and dynamic creep tests using Universal Testing Machine (UTM) to apply constant stress to asphalt specimens. Their specimens were 100 mm in diameter and 100 mm in height. These specimens were tested at 60 °C with a constant stress of 100 kPa for 3600 seconds and unloaded for the recovery of deformations for 5400 seconds. Also dynamic creep tests were applied to the same axial stress level and same temperature 49 . Also in some studies carried out in the last five years that was utilising the "standard" procedure depicted in Zurich in 1977, the testing temperature had been chosen as 30 °C which was again a departure from this technique [50] [51] [52] .
Utilisation of Superpave Gyratory Compactors in the Preparation of Asphalt Specimens
In the last three decades, especially in the United States and in some parts of the rest of the world, with the advances in the Superpave practices, gyratory compactors have started to being used extensively especially for more realistic compaction effort simulations in the laboratory environment. In the study by Roberts et al., a review of the past, present, and future trends in asphalt mixture design are presented 53 . The very beneficial effects for the realistic simulation of the compaction on site in the laboratory environment by Superpave gyratory compactors is known and once more can be seen in the studies by various researchers that have been published in the last 13 years [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] . In all through these and the similar vast literature about the gyratory compaction studies published till date, limited studies about the 100 mm diameter specimens cored from 150 mm diameter gyratory compacted specimens for the preparation of laboratory prepared specimens have been discussed [19] [20] [21] [22] [23] [24] [25] [26] . The vast majority of the other studies is about the physical and mechanical analyses of 150 mm diameter specimens prepared with Superpave gyratory compactors.
The very basic aim of this study is to investigate the rutting potential of polypropylene modified 100 mm diameter asphalt specimens prepared by using the Superpave gyratory compactor and to compare the obtained results with the previous studies of the lead author. As the Marshall design (opposing the assumptions of gyratory compaction via specimen dimensions) is utilising always 101.6 mm (rather 100 mm for practical purposes) diameter asphalt specimens, it is really important to compare the results of the mechanical testing (repeated creep test results) results obtained by the previous studies of the lead author with a more realistic compaction simulation approach 18, [27] [28] [29] [30] [31] . According to Jackson & Czor, due to increasing traffic levels and vehicle wheel loads, it has become necessary to improve the effectiveness and efficiency of the design of hot mix asphalt. The Superpave gyratory compactor makes use of a 150 mm diameter cylindrical mould to produce specimens for the design and evaluation under the Superpave system. The objective of their study was to explore the potential for using a 100 mm diameter mould to produce test specimens in the laboratory. Based on the findings of their study, it has been recommended to the Tennessee Department of Transportation (TDDT) that it is feasible to use 100 mm diameter specimens in lieu of the 150 mm diameter specimens for quality assessment/quality control acceptance and verification testing of hot mix asphalt. According to the researchers, it should be noted that this recommendation is limited to mixes with a maximum aggregate size of 25.4 mm or less. Some of the potential advantages associated with the use of the 100-mm-diameter cylinder mould include the following: a) The required sample size is reduced by 400%; thus, time of preparation, storage space, and transportation of materials are similarly reduced; b) It is possible to conduct conventional laboratory testing with the 100 mm diameter specimen; and c) The majority of surface mix designs in Tennessee make use of 25.4 mm, or smaller maximum aggregate size; thus, the larger 150 mm mould is often not necessary to be in compliance with ASTM and AASHTD requirements 65 . According to the above discussion, all throughout the study, 100 m specimens were fabricated with an IPC Servopac Gyratory compactor in the experiments that have been carried out in the laboratory environment 66 .
Experimental Analyses

Material properties
Throughout the study, continuous aggregate gradation has been used to fit the gradation limits for wearing course Type 2 set by General Directorate of Turkish Highways 67 . The aggregate was calcareous type crushed stone obtained from a local quarry. 50/70 penetration bitumen was obtained from a local refinery and was used for preparation of the Marshall specimens. Physical properties of the bitumen samples are given in Table 1 . The physical properties of coarse and fine aggregates are given in Tables 2 and 3 . The apparent specific gravity of filler is 2739 kg.m -3 .
The mixture gradation and gradation limits are given in Table 4 .
In the wet basis modification procedure of the asphalt concrete specimens, standard 50/70 penetration bitumen was modified by utilising polypropylene fibers. The fibers were premixed with bitumen using a standard mixer at 500 revolutions per minute for two hours. The mixing temperature was around 165-170 °C [68] . For the sake of testing reasons, the reference bitumen samples were also subjected to the same temperature to equalise the oxidation and aging effects of two hours of heat effect utilised in polypropylene modification. According to the workability criteria, M-03 type fibers were used all throughout the testing and due to comparison reasons with the lead author's previous studies 27, [29] [30] [31] , 3‰ fiber content was utilised as the optimal addition amount. With these amounts, polypropylene fibers melt in bitumen and bitumen forms a continuous phase for polypropylene particles. The physical properties of the polypropylene fiber based bitumen samples with 3 ‰ fiber content are given in Table 5 .
The performance characteristics, such as penetration, penetration index, ductility, loss on heating, specific gravity, and softening point of the polypropylene fiber modified bitumen samples were greatly improved as compared to reference specimens given in Table 5 . Also the increase in Brookfield viscosity values is as expected. Therefore, the addition of 3 ‰ of M-03 type fibers clearly shows the decrease in temperature susceptibility of the reference bitumen (as shown by the eminent increase in the penetration index of polypropylene modified bitumen samples) providing the most significant effect on the properties of resultant asphalt concrete mixtures as an increase in the stiffness values. For the next step of experiments, the optimum bitumen content was taken as 5% for the sake of comparison purposes with the previously prepared and mechanically tested Marshall specimens 27, [29] [30] [31] .
Test setup and gyratory compaction procedures undertaken
All through the tests, an IPC Servopac gyratory compactor has been used to produce 100 mm asphalt specimens 66 . In order to be able to produce these specimens which have been tested in an extensive manner in the previous studies of the leading author to show the very positive effects of gyratory compaction, more than 800 specimens have been prepared and tested 27, [29] [30] [31] . In Table 6 , the very final comparison of the physical and mechanical properties of the reference and 3 ‰ M-03 type polypropylene modified specimens are given. When this table, which is representing the values of more than 48 specimens respectively is examined, it can be clearly seen that the physical and mechanical properties are nearly equal to each other (except flow values as the compaction mechanism of gyratory compactors is extremely different than the usual Marshall procedure). As the usual practice, 600 kPa ram pressure and 1.25° gyratory angle have been used in the Table 2 . Physical properties of coarse aggregates.
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Test value Standard
Bulk specific gravity (kg.m Table 3 . Physical properties of fine aggregates.
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Bulk specific gravity (kg.m gyratory compaction and the optimal gyration number for 100 mm specimens has been found 40 for reference and 33 for polypropylene modified specimens for the similar and specific type of aggregate sources, bitumen, aggregate gradation, mix proportioning, modification technique and laboratory conditions 69 . In order to determine this optimal gyration number, very intense testing has been carried out. The procedure followed through these studies is as follows:
• Target air voids concept has been utilised in a way that the air void values should have been between 3% and 5% for both reference and polypropylene modified specimens according to the acting standards 67 ; • Table 6 was the guide in the search for an optimal gyration number of both types of specimens. The Marshall design "air void" values were tried to be reached with the aid of the software embedded in the IPC Servopac gyratory compactor (target air voids content) 66 . By the aid of this software, gyration angle, specimen height, air voids, unit weight, shear stress and vertical stress can be monitored online. Air voids value was the main parameter that has been monitored in a detailed manner;
• Although air voids values were monitored in a very rigorous manner, some other studies were also carried out in a way that the gyration numbers were changed between 30 and 135 (in increments of 5) in order to be able to validate the physical and mechanical variances between the different gyration numbers (for both reference and polypropylene modified specimens). The air voids, voids filled with asphalt, voids in mineral aggregate, unit weight, stability, flow and Marshall Quotient values have been continuously checked with the previously prepared Marshall specimens' properties 69 ; and • Finally, the optimal gyration number for 100 mm specimens has been found 40 for reference and 33 for polypropylene modified specimens for the similar and specific type of aggregate sources, bitumen, aggregate gradation, mix proportioning, modification technique and laboratory conditions.
Repeated load creep testing with the 100 mm gyratory compactor specimens
A completely different loading pattern, loading stress level and testing temperature than the previous studies have been adopted 27 . First of all, the testing temperature was chosen as 50 °C to simulate actual in-situ conditions 27, 29 . An axial stress, σ, of 500 kPa was applied to the specimens until the specimen enters the tertiary creep region up to nearly a failure point to simulate the actual in-place conditions in a realistic manner 27, 32 . Also it has to be mentioned that, in today's modern pavement engineering practices, there are also other bitumen modifying agents than polypropylene fibers which need to be tested in actual stress levels in order to show the very positive contribution of these modifiers to the genuine mechanical behaviour of polymer modified dense bituminous mixtures. Repeated creep tests have been performed in order to log the accumulation mechanisms of the developing strains in the specimen body, or in other words rutting potential. The creep deformation of 100 mm gyratory compactor specimens was measured as a function of rectangular pulse counts or rather time. The load on the specimens was uniaxial and dynamic, which was representing the repeated application of axle loads. The dimensions of asphalt specimens were approximately the same for nearly all of the specimens. Therefore, a unity in the dimensions was standardized. Prior to testing, the specimens were put into the chamber for 24 hours in order to have the uniform temperature distribution. All of the tests were carried at 50 °C. For controlled temperature testing, the specimen's skin and core temperature were estimated by transducers inserted in a dummy specimen and located near the specimen under test 32 . To understand the behaviour of the asphalt specimens under different loading patterns, different constant stress values were chosen. These values were 100, 207 and 500 kPa. As polypropylene modification was carried out, utilizing lower stress values like 100 and 207 kPa was not feasible, since under such loading the tertiary creep region could not be observed within a reasonable period of time. Therefore, in order to be able to differentiate between the reference and fiber-reinforced samples, a real destructive loading level of 500 kPa (approximately 73 psi) was chosen as the standard stress value which is a main departure from the published pioneering literature of the rule of thumbs about creep testing [1] [2] [3] [4] [5] [6] [7] . This value very well represents the actual tire pressure of a loaded truck. The specimen strain during the pulsed loading stage of the test were measured in the same axis as the applied stress using two linear variable displacement transducers (LVDTs). The applied force was open loop controlled and rectangular in shape 27, 29, 31, 32 . Four specimens were tested for each loading pattern. Load periods were chosen as 500 ms for all of the specimens and the rest periods were 500, 1000, 1500 and 2000 ms, respectively. 500 ms-500 ms loading pattern represents the most severe loading pattern that represents the dynamic application of very fast moving vehicles on a roadway section on a minimum recovery time basis. 500 ms-1000 ms loading . 500 ms-2000 ms loading pattern presents a slower speed moving vehicle to simulate the elastic recovery of the specimens in a better manner under repetition of standard axle loads on site and complete the most general picture of the variable rest times.
The physical properties and loading conditions of 16 reference and 16 M-03 type polypropylene fiber-modified specimens are given in Table 7 (Here RC stands for repeated creep, RC (P) stands for polypropylene fiber reinforced specimens, 0505 stands for 500 ms load 500 ms rest period). At this point, it has to be mentioned about the fact that due to the end effects concern, a certain diameter to height ratio is necessary for the accuracy of the repeated tests. A specimen with a dimension of 100 mm diameter by 200 mm height is usually recommended for the creep tests to minimize edge effects 8 . Therefore, ideally, an aspect ratio of 2:1 is suggested for most axial loading tests. But due to limitation of compacting equipment, it is very difficult to prepare lab specimens with an aspect ratio of 2:1 that also satisfy the minimum diameter requirement for nominal maximum aggregate size 71 . Witczak et al. found that for asphalt mixtures, 100 mm diameter and 150 mm height specimens would give satisfactory results for both small strain (dynamic modulus) and large strain (creep) tests 72 . However, it has to be kept in mind that edge effects do occur on the roadway, for example when layers with large aggregate are used. So there may be some advantage in simulating these edge effects during testing (this concept should not be thrown out of minds simply as being theoretically incorrect). Since it is not easy to fabricate a specimen with a 1:2 diameter to height ratio in a laboratory environment, specimens with varied 8 . Also the importance of these kinds of specimens produced is they are completely "undisturbed" specimens.
In the repeated creep test the accumulated axial strain, the resilient axial strain, peak vertical stress, resilient modulus and creep stiffness were calculated by the following Equations
where ε c is the accumulated axial strain (µε), ε r is the resilient axial strain (µε), σ is the peak vertical stress (kPa), L3 n is the final displacement level of the transducer for pulse 'n' just prior to the application of the stress for pulse 'n+1' (mm), L1 is the initial zero reference displacement of the transducers (mm), G is the initial specimen length (mm), L2 n is the maximum displacement of the transducers with stress applied for pulse 'n', F is the peak vertical force (N), A is the cross-sectional area of the specimen (mm 2 ), E r is the resilient modulus (MPa), E c is the creep stiffness or modulus (MPa).
Asphalt concrete under constant stress condition exhibits a typical deformation characteristic which can be explained in four stages as shown in Figure 1 . These are: a) Instantaneous elastic and/or non-elastic deformation; with the application of load, there is an immediate deformation, which is explained by the behaviour of spring element in the rheological model. Upon the removal of the load through this stage, a portion of the deformation is recovered instantaneously. The amount of recovery is not necessarily equal to the instantaneous deformation that has occurred due to the application of the initial load; b) Primary creep: if the load on the system is not removed, the material deforms further, but with a decreasing rate, which is explained by the deformation characteristics of the Kelvin body in the system. Dbserved deformation at this stage has both recoverable and unrecoverable portions; c) Secondary creep: at this region the slope of deformation is linear, which is represented as the deformation of the dashpot of the Maxwell body in the system. The deformation that exhibits at this stage is unrecoverable; d) Tertiary creep: this stage represents the complete plastic failure of the material. In this stage deformation has an accelerated increasing rate. Witczak et al. defined the flow number as the loading-cycle number where tertiary deformation starts 74 . The flow number is an indication of the start of the failure of the asphalt specimens of the repeated creep test. In this study, the specimens have been tested to a point where the creep stiffness have dropped to a certain level through the tests which are 10 MPa. In most cases, this value has been accepted as the termination level.
The results of the repeated creep tests of 100 mm gyratory compactor specimens are given in Figures 2-9 . The first graphs present the accumulated strain versus pulse counts and the second graphs describe the creep stiffness versus pulse counts of the repeated creep test results. These graphs show the general trend of the four different specimens under the specified loading and temperature conditions. The applied constant stress was 500 kPa and the test temperature was 50 °C for all the experiments.
The life of fiber-reinforced specimens under repeated creep tests are approximately 18 times longer than the control specimens under the same testing conditions (Figures 2  and 3 ). This is a very significant difference showing the very positive effect of polypropylene fiber modification utilized in gyratory compaction. Figure 2 illustrates the control specimens are entering to the tertiary stage of creep only at around 2000 pulse counts; this loading rate corresponds to the primary creep stage for the polypropylene fiber modified specimens. Fiber modified specimens reach their tertiary creep stage around pulse counts of 30,000 and more. At the end of the repeated creep tests, the control specimens have a total collapse, while the fiber reinforced specimens did not show any visible sign of failure until then. The mechanical behaviour of asphalt specimens prepared by gyratory compaction exhibits a very similar behaviour when the reference and polypropylene modified specimens are concerned groupwise except RC0505B, RCP050A and RCP0505C. For the RC0505B specimen, the repeated testing had been continued until the specimen failed completely and because of this reason the accumulated strain values well reached above 64000 µε. RCP0505A and RCP0505C had shown a different rheological behaviour than the specimens as the other two specimens, RCP0505B and RCP0505D, had entered tertiary creep region but these two specimens were in secondary creep region. The explanation of this basically depends on the physical property differences between these specimens which can be visualised in Table 7 . Because of this reason, the test had been interrupted around 60000 pulses which were in fact 16 hours 40 minutes of testing time. For the calculation of the "life of specimens" under creep test, for all of the specimens, reaching a creep stiffness value of less than 10 MPa was accepted for the termination of the repeated creep tests.
Creep stiffness values drop to a certain level through the tests which are 10 MPa. This level can be accepted as the termination of the test. For both specimen types, the termination stiffness values are the same, but the pattern of the decrease in these values shows very different behaviours. When the control specimens fail, the creep stiffness of the fiber reinforced specimens have only dropped to 30% values of their original values. In addition, the initial creep stiffness values of the fiber modified specimens are correspondingly higher vs. the control specimens, as can be expected from the plastomeric modifying effects of polypropylene. But because of the operating conditions of the UTM-5P system, an exact figure cannot be determined. The same argument above which was stated for the accumulated strain is also valid for the creep stiffness analyses.
The corresponding graphs for the control and fiber modified specimens tested at the 500 ms load -1000 ms rest pattern is given in Figures 4 and 5 .
The life of the fiber reinforced specimens under this pattern of loading and unloading is approximately eight times longer vs. the control specimens. 500 ms load -500 ms rest periods loading pattern has a life approximately 2.2 times longer than the 500 ms load -1000 ms rest periods loading pattern. This clearly shows the detrimental effect of longer load exposure on the performance of the asphalt concrete under repeated creep testing. That is, this loading pattern is less severe than 500 ms load -500 ms rest loading pattern. The reason for this is the second loading pattern, which can be visualized through Figures 4 and 5 , does not allow sufficient time for the viscoelastic rebound potential of the specimen to occur. Thus, when each subsequent load cycle is applied, the loading deformation of the specimen is reduced. Simple physics would suggest that the "work" done to the specimen would be reduced as the force is applied over a shorter distance via 500 ms load -500 ms rest loading pattern 48 . The control specimens are less affected by this second type of loading pattern as their lives are much shorter vs. the fiber modified specimens. The mechanical behaviour of asphalt specimens prepared by gyratory compaction exhibits a very similar behaviour when the reference and polypropylene modified specimens are concerned groupwise except RC0510C, RCP0510A and RCP0510B. The explanation of this basically depends on the physical property differences between these specimens which can be visualised in Table 7 .
In respect to the creep stiffness values, the observation can be made that while the control specimens fail, the fiber modified specimen's creep stiffness values have only dropped approximately to 28% of their original values. The same argument above which was stated for the accumulated strain is also valid for the creep stiffness analyses. The corresponding graphs of the control and fiber reinforced specimens for the 500 ms load -1500 ms rest periods are given in Figures 6 and 7 .
The lives of fiber modified specimens are approximately 10.5 times longer than the lives of the control specimens especially arising from the fact that gyratory compaction is much more efficient in the preparation of more stable mixes from the rutting susceptibility point of view 69 . Similar to the previous loading patterns, when the control specimens reach their tertiary creep stage, the fiber modified specimens are in their primary creep stage. The mechanical behaviour of asphalt specimens prepared by gyratory compaction exhibits a very similar behaviour when the reference and polypropylene modified specimens are concerned groupwise except RC0515D and RCP0515A. The explanation of this basically depends on the physical property differences with respect to other specimens which can be visualised in Table 7 . The same argument above which was stated for the accumulated strain is also valid for the creep stiffness analyses.
The accumulated strain vs. pulse counts and the creep stiffness vs. pulse counts of the control and modified specimens for the 500 ms load -2000 ms rest periods are given in Figures 8 and 9 . The main difference of this loading pattern is related to considerably longer rest periods. This can help to model the traffic pattern where the repetition of the axle loads is not as destructive as 500 ms load -500 ms rest periods which presents a slower speed moving vehicle to simulate the elastic recovery of the specimens in a better manner under repetition of standard axle loads on site (i.e. resulting in 12 times longer lives than the control specimens). The mechanical behaviour of asphalt specimens prepared by gyratory compaction exhibits a very similar behaviour when the reference and polypropylene modified specimens are concerned groupwise except RC0520B and RCP0520B. The explanation of this basically depends on the physical property differences between these specimens which can be visualised in Table 7 . The same argument above which was stated for the accumulated strain is also valid for the creep stiffness analyses.
From all of the above discussions, it can be concluded that as the rest time increases, the rate of strain accumulation in the specimens bodies also increases. This is primarily because of the detrimental effect of the rest period on the specimens as when the rest period increases, the permanent deformations start to act in a more pronounced manner. These phenomena can also be explained by another manner that, in the 500 ms load -500 ms rest period pattern, the "toughness" effect comes into the scene and making the asphalt specimen in a way more "rigid". In materials science, toughness, as a general term, can be defined as the ability of a material to absorb energy and plastically deform without fracturing. Material toughness is defined as the amount of energy per volume that a material can absorb before rupturing. It is also defined as the resistance to fracture of a material when stressed. 
Comparison of repeated load creep testing results of 100 mm gyratory compactor specimens with Marshall specimens
In this part of the study, relevant figures are given in order to emphasize the very positive simulation effort of gyratory compaction when compared to standard Marshall compaction. At this point the physical properties and loading conditions of reference and M-03 type polypropylene fiber modified Marshall specimens are given in Table 8 .
The physical similarities of the gyratory and Marshall compacted specimens can be visualised through Tables 7  and 8 . Although these specimens, at the first glance, look very similar to each other from their physical properties, in fact, as will be presented in the further parts of the study, the rheological behaviour of gyratory compactor specimens is much more preferable when compared to Marshall specimens. The statistical analysis of these specimens has been carried out by Hotelling's T-squared test. Hotelling's T-squared distribution is important because it arises as the distribution of a set of statistics which are natural generalisations of the statistics underlying Student's t distribution. In particular, the distribution arises in multivariate statistics in undertaking tests of the differences between the (multivariate) means of different populations, where tests for univariate problems would make use of a t-test. It is proportional to the F distribution 75 . Dur hypothesis (H 0 ), was arising from the nature of the Superpave gyratory compaction, though the specimens prepared by gyratory and Marshall compaction might seem as if they are very similar to each other from the physical properties point of view. In fact, they are completely different compaction techniques and gyratory compaction is modelling the real in-situ compaction in a much better manner. In Tables 9 and 10 , respectively, the reader might find the Hotelling T 2 test results for 95% confidence interval for: a) Reference specimens; b) Polypropylene fiber modified specimens. The reader can easily see that for both reference and polypropylene modified specimen sets, hypothesis (H 0 ) are rejected. Therefore it can be clearly said that the two compaction methods are completely different in their nature, though one may produce specimens in such a manner that their physical properties can be very similar to each other at the first glance. This can be clearly seen with the repeated creep test results.
With these gyratory compactor specimens, the same repeated creep testing scheme is once more utilised which is being explored in a detailed manner by the study of the lead author 27, 31 . Below, the comparative graphs both for strain accumulation and creep stiffness is being proposed between Figures 10 to 25 respectively. When these figures are explored in a detailed manner, it can be clearly visualised that, gyratory compactor has a definite superiority over Marshall compaction in terms of the time of the asphalt specimens to reach their end of service lives. Below, first of all, the rheological behaviour of reference specimens will be explored in a detailed manner. Then these analyses will be carried out for polypropylene fiber modified specimens.
Further analysis of the rheological behaviour of reference specimens
The mechanical behaviour of asphalt specimens prepared by gyratory (G) and Marshall (M) compaction exhibits a very similar behaviour when the reference and polypropylene modified specimens are concerned groupwise except RC0505A (M), RC0505C (M), RC0505B (G) and RC0505A (G). The explanation of this basically depends on the physical property differences with respect to other specimens which can be visualised in Tables 7 and 8 . The same argument above which was stated for the accumulated strain is also valid for the creep stiffness analyses (it has to be mentioned that, for specimen RC0505B (G), the test has continued until the "total" failure of the specimen unintentionally so the "different" rheological behaviour of the specimen is mainly because of this fact). The mechanical behavior of asphalt specimens prepared by gyratory and Marshall compaction exhibits a very similar behaviour when the reference and polypropylene modified specimens are concerned groupwise except RC0510D (M) and RC0510C (G). The explanation of this basically depends on the physical property differences with respect to other specimens which can be visualised in Tables 7 and 8 . The same argument above which was stated for the accumulated strain is also valid for the creep stiffness analyses.
The mechanical behavior of asphalt specimens prepared by gyratory and Marshall compaction exhibits a very similar behaviour when the reference and polypropylene modified specimens are concerned groupwise except RC0515B (M) and RC0510C (M). The explanation of this basically depends on the physical property differences with respect to other specimens which can be visualised in Tables 7  and 8 . The same argument above which was stated for the accumulated strain is also valid for the creep stiffness analyses. Furthermore, the "different" rheological behavior of specimen RC0515D (G) can be explained by the phenomenon that the data acquisition system of UTM-5P works in a way that, at the point where the screen of the software is replaced with the spreadsheet software for the check of whether the log of the strains and stiffness are correctly taken or not, the logs are taken in a wrong manner and the graphs have a sort of "discontinuity" at the anticipated points.
The same argument is valid for the mechanical behavior of asphalt specimens prepared by gyratory and Marshall compaction (RC0520A (M) and RC0520B (G)). The same argument above which was stated for the accumulated strain is also valid for the creep stiffness analyses. Furthermore, the "different" rheological behavior of specimen RC0520D (G) in Figure 17 can be explained by the phenomenon that the data acquisition system of UTM-5P works in a way that, at the point where the screen of the software is replaced with the spreadsheet software for the check of whether the log of the strains and stiffness are correctly taken or not, the logs are taken in a wrong manner and the graphs have a sort of "discontinuity" at the anticipated points.
When 500 ms load -500 ms rest, 500 ms load -1000 ms rest, 500 ms load -1500 ms rest and 500 ms load -2000 ms rest loading patterns at 50 °C temperature and 500 kPa stress level on strain accumulation basis are analysed respectively, it can be seen that the time of the reference specimens to reach their end of service lives that have been prepared via gyratory compaction are 1.56 times, 1.23 times, 0.90 times and 0.98 times longer than the specimens prepared with Marshall compaction (please refer to Figures 10, 12, 14 and 16 respectively). To give a more representative figure it can be said that gyratory compaction enhances the reference mixtures' end of service life performances approximately 20% when four of the different loading patterns are analysed in an arithmetical basis. In pavement engineering, it is not possible to give an "exact value" to lots of the measured variables but one can easily notice from the above mentioned four graphs that gyratory compactor specimens considerably shift the whole system to right side (via pulse counts axis) which shows us the added value of the gyratory compaction technique. Dne can easily visualise the very same added value of the gyratory compaction technique to the failure point via Figures 11, 13, 15 The mechanical behavior of asphalt specimens prepared by gyratory and Marshall compaction exhibits a very similar behaviour when the reference and polypropylene modified specimens are concerned groupwise except RCP0505A (M), RCP0505B (M), RCP0505A (G) and RCP0505C (G). These specimens had shown a different rheological behavior than other specimens as the other two group specimens had entered tertiary creep region, these two specimens were in secondary creep region. The explanation of this basically depends on the physical property differences between these specimens which can be visualised in Tables 7 and 8 . Because of this reason, the test had been interrupted earlier.
For the calculation of the life of the specimens under creep test, for all of the specimens, reaching a creep stiffness value of less than 10 MPa was accepted for the termination of the repeated creep tests. The same argument above which was stated for the accumulated strain is also valid for the creep stiffness analyses.
Similar arguments are valid as the above discussions for Figures 20 and 21 . Specially, while testing RCP0510C (M) specimen, a problem in the UTM-5P occurred and the test was interrupted around 14000 pulses (which is also 5 hours and 50 minutes of testing).
In Figure 22 , RCP0515D (M) needs attention. RCP0515D (M) has a different rheological behaviour than the others in such a way that the other three group specimens has entered tertiary creep region, this specimen has been in secondary creep region. The explanation of this basically depends on the physical property differences between these specimens which can be visualised in Table 8 . But the testing time for this specimen corresponds to 13 hours 54 minutes therefore the strain accumulation and creep stiffness of this specimen is being presented in the graphs.
This time, the rheological behaviour of RCP0520B (M) is different than other specimens. But as the testing time of this specimen corresponds to 14 hours 35 minutes, the curves for this specimen are given.
In all of the strain accumulation and creep stiffness graphs, there are some specimens which do not follow the rheological behaviour of their accompanying ones but due to the viscoelastic, elastoplastic, thermoplastic and viscoplastic nature of asphalt, under a high ambient temperature of 50 °C and a stress level of 500 kPa (which presents a very destructive level of loading), these minute differences can be acceptable.
When 500 ms load -500 ms rest, 500 ms load -1000 ms rest, 500 ms load -1500 ms rest and 500 ms load -2000 ms rest loading patterns at 50 °C temperature and 500 kPa stress level are analysed respectively, it can be seen that the time of the M-03 type polypropylene fiber reinforced specimens to reach their end of service lives that have been prepared via gyratory compaction are 1.80 times, 1.72 times, 1.01 times and 1.13 times longer than the specimens prepared with Marshall compaction (please refer to Figures 18, 20, 22 and 24 respectively) . To give a more representative figure it can be said that gyratory compaction enhances the polypropylene modified mixtures' end of service life performances approximately 42%. Also it can be concluded that gyratory compaction is more favourable to enhance the mechanical performance of the asphalt specimens by carrying out polypropylene fiber modification. The readers should bear in their minds that, due to the very long nature of repeated creep testing technique of the leading author, many of the experiments have been cut off at earlier periods than the real failure of the polypropylene modified specimens. According to the further analyses that have been carried out, it can be definitely said that the polypropylene modified mixtures' end of service life performances approximately 55% longer. This is a dramatic development when concerned from pavement engineering point of view.
Conclusions and Recommendations
From the above discussions, it can be clearly be concluded that the lives of the polypropylene fiber modified asphalt specimens under repeated creep loading at different loading patterns increased by 8-18 times versus reference specimens when gyratory compaction is being utilised in the preparation of 100 mm diameter asphalt specimens (when four different loading patterns were utilised in the testing protocols). This increase was only 5-12 times in the asphalt specimens prepared via utilising Marshall compaction technique. This is a very significant improvement from pavement engineering point of view. When two different techniques are compared, to give a more representative figure, it can be said that gyratory compaction enhances the reference mixtures' end of service life performances approximately "20%". This increase gets up to "55%" for polypropylene modification. The results from both of the analysis of the tested specimens show that the addition of polypropylene fibers improves the behaviour of the specimens in a very pronounced manner by increasing the life of samples under repeated creep testing. Besides, it is clear that gyratory compaction introduces a much realistic compaction simulation effort in the laboratory environment especially for polypropylene modified asphalt when viewed from the large experimental database obtained all throughout the years. At this point, from all of the above discussions, it can be clearly said that design gyration number should be 40 for reference and 33 for polypropylene modified specimens under medium traffic conditions for the similar and specific type of aggregate sources, bitumen, aggregate gradation, mix proportioning, modification technique and laboratory conditions. For further research, more insight to the optimal design gyration number for 100 mm specimens obtained via gyratory specimens for reference and polypropylene fiber modified specimens should be sought. Also, static creep tests should also be undertaken in order to get a better insight to the problem. Moreover, the laboratory findings can be verified from the repeated creep analysis of cores taken from site. Furthermore, the major drawbacks of the Marshall compaction should be solved by proposing a newer testing regime and interpretation of these test results.
